The efficiency of fine particle removal by using traditional devices is relatively low. Acoustic agglomeration is an effective pretreatment method that agglomerates particles before they enter a particulate control device so that they can be easily removed. The movements of particles exposed in a sound wave field were captured using a high-speed camera in this study. Agglomeration and separation of two particles were directly observed. Photographs were analyzed frame by frame to obtain motion information. A model was constructed, and COMSOL Multiphysics software was employed to simulate their relative motions.
Introduction
Fine particulate matter suspended in air has drawn worldwide attention because of its serious impact on the atmosphere and human health. [1] [2] [3] Several particulate control devices, such as cyclone separators, bag lters, and electrostatic precipitators, have been widely used for particle removal. [4] [5] [6] [7] However, the efficiency of ne particle removal by using these traditional devices is relatively low, 8 which means that methods must be identied to enlarge ne particles. Acoustic agglomeration is a promising pretreatment method by which ne particles agglomerate into larger ones before entering traditional devices so that they can be removed more easily. 9 Many studies have proved the effectiveness of using sound waves to enlarge particle sizes and reduce particle concentrations. [10] [11] [12] [13] [14] Research has shown that the mass concentration removal efficiency was improved from 91.29% to 99.19% with the use of a bag lter and from 89.05% to 99.28% with the use of an electrostatic precipitator by using acoustic agglomeration as pretreatment. 15 In addition to experimental researches, particle motions and interactions in sound wave elds have been simulated. Based on the interactions, several agglomeration mechanisms have been proposed. [16] [17] [18] [19] [20] [21] Orthokinetic interaction was rst proposed by Mednikov and is widely considered as the main mechanism. 17 Orthokinetic interaction is based on the difference in entrainments of polydispersed particles in a vibrating gas, and it therefore cannot explain agglomeration of monodispersed particles. Hydrodynamic interaction, which is based on asymmetry of ow around particles and Bernoulli's principle, has been proposed to explain the agglomeration of particles of the same size; and it includes the acoustic wake effect and mutual scattering interaction. Several studies have proved that other mechanisms, such as acoustic radiation interaction and turbulence caused by the sound, were negligible. 22, 23 Therefore, the critical mechanisms are orthokinetic interaction and hydrodynamic interaction. However, researchers have yet to reach a consensus. Markauskas and Zhang demonstrated that the acoustic wake effect was the major acoustic mechanism. 24, 25 By contrast, Fan's research showed that a combination of orthokinetic interaction and gravity sedimentation dominated the acoustic agglomeration process. 26 Dong, however, indicated that the acoustic wake effect was more important at higher frequencies for all particles, whereas orthokinetic interaction dominated at low frequencies.
27
Once particles collide with each other, they are likely to adhere owing to van-der-Waals and liquid bridge forces. Acoustic agglomeration increases the size of particles, resulting in a decrease in the concentration of small particles and an increase in the concentration of large particles. However, Zhang and Shen reported that high-intensity sound waves caused the concentration of particles larger than 50 mm to decrease, which indicated that large particles were later separated.
28, 29 Zhang's research showed that ignoring the breakage of particles may result in some discrepancy between the simulation results and experimental results at high sound pressure levels (SPLs).
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Studies on separation of agglomerates, which occurs simultaneously with acoustic agglomeration, are inadequate.
Direct observation of the relative motion of particles in a sound wave eld plays crucial role in understanding the acoustic agglomeration process. A high-speed camera has previously been used to analyze particle motion. [31] [32] [33] [34] However, only the tracks of particle movements were obtained; the sizes and velocities of particles were unobtainable because of the low frame frequency and long exposure time. The rapid development of photographic equipment has now enabled the velocity to be obtained during an extremely short time interval, and this velocity can be considered equal to the instantaneous speed. Zhou used a high-speed camera to observe the movements of DEHs particles under different sound wave conditions and accurately obtained particle speeds, however, agglomeration phenomena were not detected because of the low concentration of particles.
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In the present study, microscopic visualization and highspeed photography were utilized to directly observe the dynamical relative movements of y-ash particles during the agglomeration process. COMSOL Multiphysics soware was employed to simulate the relative motion of two particles under the same condition as the experiments. The limiting condition for acoustic separation of agglomerates was calculated. This work ought to enhance understanding of acoustic agglomeration and separation processes and provide a theoretical basis for the optimization of acoustic agglomeration.
Experimental setup and method

Experimental setup
To study acoustic agglomeration and separation of particles, an experimental setup was built, which is illustrated in Fig. 1 . The experimental setup comprised three parts: an aerosol generation system, an agglomeration system and, a high-speed photography system. The aerosol generation system comprised an aerosol generator and a gas cylinder. The materials used in this experiment were y-ash particles from an electrostatic precipitator in a coalburning power plant (Banshan Power Plant, Zhejiang, China), and they were dried at 105 C for 10 h to remove moisture before use. Particles were continuously generated using an aerosol generator (Topas SAG 410L) and then were well mixed with the carrier gas supplied by the gas cylinder. The ow rate of the aerosol was adjusted to 1.3 m 3 h
À1
. Size distribution and morphology of the y-ash particles are presented in Fig. 2 . Particle size distribution was measured using a Mastersizer 2000 particle size analyzer. The volume particle size distribution was mainly between 10 and 100 mm, in which the volume of PM 10 accounted for 23.64% of the total volume, whereas the proportion of PM 2.5 was 6.88%. Particle morphology was measured using a scanning electron microscope. Fig. 2(b) displays the shape of the particles, most of which were nearly spherical.
The agglomeration system consisted of an agglomeration chamber and a sound system. The 6 cm Â 6 cm transparent agglomeration chamber was made of quartz glass. An adjustable steel plate was placed at a specic position to create a stable standing wave. In this experiment, the length of the Fig. 1 The experimental setup. chamber was adjusted to three times the half wavelength, (i.e., 0.257 m). The side of the chamber had many holes, which were designed for the SPL to be measured using a sound level meter (AWA 5661-1C). The sound system comprised a compressor driver (YF-513), a signal generator (Goodwill SFG-1013), and a power amplier (QSC RMX2450). The SPL and frequency were adjusted to 2000 Hz and 158 dB (at the antinode) by adjusting the power amplier and signal generator. The photography system consisted of a high-speed camera (NAC Merecam HX-4), a zoom lens (Navitar 12X), a highintensity light-emitting diode (LHP-40WP), and a computer. The high-speed camera was set at the position of the antinode. The whole observation area was considered at the antinode since the area was very small compared with the agglomeration chamber. When aerosol owed through the agglomeration chamber, particles were magnied seven times by the zoom lens and photographed by the high-speed camera. The frame frequency was 20 000 fps, and the resolution was 640 px Â 480 px. Due to the high intensity of the light, the exposure time was only 5 ms.
All the experiments were conducted at 1.013 Â 10 5 Pa and at 20 C.
Method
Aer obtaining the images, the particles were identied and matched with adjacent images using an image processing soware. For a spherical particle, the measurement method of the particle diameter is shown in Fig. 3 . Aer identifying its edge and centroid, the length of a line segment passing through the centroid and ending at the particle boundary was taken as a value of the particle diameter. The average length of diameters measured at 2 degree intervals was taken as the diameter of the particle. Particle diameters are crucial parameters controlling the relative movements of particles. To reduce errors in diameter measurement, the diameters of particles were measured in every image. The observation area was 1.92 mm Â 1.44 mm, thus, a particle owed through the area for approximately 19.2 ms, and more than 300 images could be obtained, which contained the size information. The measured diameters were then averaged to obtain accurate size estimation.
Particles were magnied seven times by the zoom lens and the size of each pixel was 3 mm in this system. The accuracy of the particle size measurement mainly depended on the recognition of particles. In order to test the accuracy of particle recognition, a computer-generated sample image was usually used. 35, 36 As shown in Fig. 4 , the image used in this test had nine sizes of circles, ranging from 2 pixels to 10 pixels. The recognition errors are shown in Table 1 .
In the table, |Dd| stands for the average diameter difference between the measured circles and the original circles. The relative error decreases with the increase of the particle size. In this system, particles larger than 6 mm can be measured accurately with an error within 10%, and the measurement of particles smaller than 6 mm may result in large errors. Therefore, only particles larger than 6 mm were analyzed in this experiment.
Theoretical models
Force calculation is fundamental and crucial for analyzing particle movement. When a particle moves in a horizontal sound wave eld, the horizontal motion of it can be written as eqn (1), which has been widely applied in simulation.
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where m p and u p are the mass and velocity of the particle, respectively; d p is the particle diameter; u g is the velocity of the gas medium; d is the ratio of gas density to particle density; and m is the dynamic viscosity coefficient of the gas medium. The rst term on the right-hand side of eqn (1) is the viscous Stokes' drag force, which is widely considered the main force; the second term is the pressure gradient force; the third term is the added mass force; and the fourth term is the time history force. Fig. 3 Schematic diagram of particle size measurement method. Fig. 4 Computer-generated images for recognition test.
The last three terms can be ignored. 20 Observation results have proved the accuracy of this equation.
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Vertical motion is usually induced by gravity, buoyancy, and hydrodynamic drag force. 40 Buoyancy is negligible compared with gravity, and thus, the movement of the particle can be written as eqn (2) and (3).
According to acoustic theory, when u g /c 0 ( 1 (where c 0 is the velocity of sound with c 0 ¼ 343 m s À1 ) and d p /2l ( 1 (where l is the wavelength), the velocity of the gas can be written as eqn (4) and (5).
where u is the angular frequency (with u ¼ 2pf), k is the wave number (with k ¼ 2p/l), r g is the density of the gas, p 0 is the amplitude of the sound pressure (with p 0 ¼ ffiffiffi 2 p p e ), and p e is the effective value of the sound pressure, which can be obtained using eqn (6) .
where p re is the reference pressure (with p re ¼ 2 Â 10 À5 Pa).
When particles agglomerate to form larger particles, the uncharged agglomerated solid particles are considered to be held together by the summation of liquid bridge force F l and van-der-Waals force F v . 42 Because the concentration of water in the experiment was insufficient for a liquid bridge to form, the adhesion force was equal to the van-der-Waals force in this calculation. The van-der-Waals force between two particles can be written as eqn (7).
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where A is the Hamaker constant (with A ¼ 2.4 Â 10 À20 J), 43 d 1 and d 2 are the diameters of particles 1 and 2, and z is the separation distance between the two spheres. The separation distance may be affected by asperities on a particle's surface. 44, 45 For micron and sub-micron particles, the separation distance varies from several nanometers to dozens of nanometers. 44 In this calculation, the distance separation was assumed as 2 nm.
The gravity of the two particles is much smaller than the vander-Waals force between them, which means that the separation of the primary particles is mainly caused by the horizontal relative motion. The primary particles that make up an agglomerate vibrate with the vibration of the gas medium. The horizontal motion equation of the two primary particles can be written as follows:
where F vn is the force required to keep the two primary particles moving together as an agglomerate. When the two particles move as an aggregate, they have the same velocity and acceleration, u 1x ¼ u 2x ¼ u ax , where u ax is the horizontal velocity of the agglomerate; u ax can be derived from eqn (8) and (9).
The solution can be written as follows:
where s 1 is the relaxation time of the agglomerate; and 4 1 is the phase shi, which are described as follows:
Under the action of the sound wave, the smaller particle has a greater acceleration than the larger one, and they remain consistent under the action of van-der-Waals force. F vn can be derived from eqn (8) and (9)
Eqn (14) shows that the force required to keep the primary particles together is time related. An agglomerate will be separated when the horizontal component of van-der-Waals force is smaller than the peak value of F vn . (15) where the angle between the two particles. Assuming d 2 ¼ ad 1 , where a is the particle size ratio of the two particles, the limiting condition where primary particles will separate can be written as follows: 16) In this study, the gas medium was air, characterized by the density u g of 1 
Results and discussion
Observation of acoustic agglomeration and separation
When the frame frequency was 20 000 fps, approximately 10 images could be obtained within one period, which was sufficient to obtain the particle motion information. Particles moved to the right under the action of the gas ow. The successive photos taken by the high-speed camera were integrated into one picture and the motion tracks were obtained. The average velocities were obtained by measuring the distance between two adjacent images at an interval time of 1/20 000 s. When the sound system was turned off, the motion tracks of particles were shown in Fig. 5 . The arrows indicate the direction of particle movement. Fig. 5 shows the whole observation area, and the bottom le corner of the observation area is dened as the origin of coordinates. Fig. 6 shows the velocities of the particles 1, 2 and 3, as indicated in Fig. 5 . Particles moved to the right at a speed of about 0.1 m s À1 .
When the sound system was turned on, the relative movements were enhanced, and agglomeration and separation phenomena were observed. Fig. 7 displays the agglomeration process of two particles. The time interval between neighboring images was 0.1 ms. The larger particle had a diameter of 18.5 mm, whereas the smaller particle had a diameter of 10.3 mm. The particles vibrated back and forth under the action of the sound wave. The interparticle distance decreased when the particles moved in one direction (to the right in Fig. 7 ) and then increased when the particles moved back in the other direction. Eventually, the two particles collided at t ¼ 0.7 ms and formed an agglomerate, as shown in the nal image. The two particles were held together under the action of adhesion force and no rebound was observed. It should be noted that t ¼ 0 does not mean the beginning of a period. The period of the sound wave was 0.5 ms and the observation results showed that the collision did not necessarily occur within a period.
The velocities of the larger (p2) and the smaller particles (p1) are shown in Fig. 8 . The smaller particle vibrated at a higher speed because its entrainment coefficient was larger. The peak velocity of p1 caused by the sound wave was approximately 0.6 m s À1 whereas that of p2 was approximately 0.2 m s À1 . The positions of two particles is displayed in Fig. 9 . The time interval between neighboring points was 0.05 ms. In the vertical direction, positions of the two particles decrease with time due to the Fig. 5 The motion tracks of particles when the sound system was turned off. effect of gravity. In the horizontal direction, the particles vibrate back and forth under the action of the sound wave and move to the right as a whole under the action of airow. At t ¼ 0.7 ms, the distance between the centers of the two particles was smaller than the sum of the radii of the two particles. In this condition, the two particles were considered to have collided and formed an agglomerate. Separation of an agglomerate was also observed under the same conditions as those of the agglomeration experiment. Fig. 10 displays the separation process of an agglomerate. The two primary were moved together at rst, and then the agglomerate was separated into two smaller particle groups sized approximately 22 mm and 12.1 mm. The separation occurs in the horizontal direction. No re-agglomeration of the two primary particles was observed.
Smaller particles collided to form larger ones, and agglomerates were separated into smaller particles. The observation results provided evidence that both acoustic agglomeration and separation occurred when particles vibrated under the action of a sound wave. The aforementioned phenomena were observed many times with different SPLs and frequencies. Thus, these agglomeration and separation processes are easily repeatable.
Modeling of acoustic agglomeration
COMSOL Multiphysics soware was employed to simulate the relative movements of particles under the effect of a standing sound wave eld. Computational uid dynamics, acoustic, and particle-tracing modules were used in the simulation. The ow channel size was set to be the same as the experimental value. The sound pressure at the inlet was set to 2250 Pa, and the outlet and other walls were set to hard eld boundaries to form a standing wave and ensure the SPL at the antinode was 158 dB. A constant frequency of 2000 Hz was used in this simulation. The particles were released from selected points with a speed, which is set according to the measured results. The time step was set as 0.001 ms to improve the calculation accuracy.
Drag force and gravity were chosen as the main forces to simulate particle movements. For two moving particles, if a particle appears in a wake zone induced by the upstream particle, a hydrodynamic force will act on it. To consider the hydrodynamic interaction between particles, the uid-particle interaction multiphysics coupling was applied. When particles are accelerated or decelerated by the drag force, a corresponding reaction force is acting on the uid. The coupling computes the corresponding force in each mesh element. This coupling can accurately simulate the relative motion between particles. When the collision occurs, the two particles get the same speed according to the law of conservation of momentum. Aer the collision, they move together as an aggregate under the action of van-der-Waals force.
The SPL and sound pressure in the agglomeration channel are displayed in Fig. 11(a) and (b) , respectively. The SPL and sound pressure vary with positions, reaching their maximum values of 158 dB and 2250 Pa at the antinode. The SPL and the sound pressure in the whole observation area are thought constant. Fig. 12 shows the simulated positions of two particles of diameters 18.5 mm (p1) and 10.3 mm (p2). The two particles Fig. 8 Velocities of the two particles. reached the same speed aer collision (at t ¼ 0.705 ms), the change of the speed happened very quickly and was not captured by the camera. The relative positions exhibited the same trend as displayed in Fig. 7 . The distance between the two particles experienced a process of decreasing -increasingdecreasing, before the two particles nally collided. The position information of this simulated results match the measured results well. The experimental and simulation results obtained are in close agreement, which indicates that the theoretical models are accurate.
Calculation of separation of agglomerates
The discussion has proved that under the action of a highintensity sound wave, particles will agglomerate, while aggregates will separate. For use in acoustic de-dusting technology, it is most desirable to let particles agglomerate to the greatest extent possible and separate to the least extent possible. Determining the conditions that will lead to the separation of primary particles is thus of great importance. Eqn (16) shows that whether an aggregate composed of two particles will be separated under a certain condition mainly depends on the sizes of the two primary particles. When d 1 is xed at a certain value and the particle size ratio varies, two critical points can be obtained where the forces needed to keep the two primary particles together is equal to the van-der-Waals force by solving eqn (17) . According to the observed results, the agglomeration and separation occur in the horizontal direction. Because when particles move under the action of sound waves, they align horizontally to achieve equilibrium. Thus, the angle q can be considered as zero. The aggregate will be separated when the size of particle 2 is greater than the larger critical point or smaller than the smaller critical point. Only when the value of d 2 falls within the two critical points, will the agglomerate not be separated. When the size of particle 1 varies, the corresponding critical points will also change. Thus, two critical curves are obtained: 158 dB 2000 Hz 1 as the upper critical curve and 158 dB 2000 Hz 2 as the lower critical curve, as shown in Fig. 11 . When the sizes of the two primary particles fall in the area dened by these two curves, they will not separate; when the particle sizes fall outside the area, they can be separated. Smaller particles are relatively more difficult to separate. For example, when a particle with a diameter of 0.1 mm collides with a smaller particle, the agglomerate cannot be separated by the sound wave. Separation occurs when the other particle is more than 30.1 times larger than it. For a 10 mm particle, only aggregates formed by particles within particle size ratios of 0.73 and 1.37 will not be dispersed under the same conditions. The motion characteristics of the aggregates were observed and whether they were separated into smaller ones were statistically analyzed. As shown in Fig. 14 , the blue dots represent the unseparated aggregates and the red dots represent the separated ones. It can be seen that the statistical results are roughly consistent with the calculated results. The blue dots are few because the diameters of the two particles are difficult to measure before they separate. Due to the limitation of experimental conditions, submicron particles cannot be observed in this system. Therefore, the statistical results are preliminary, and further experiments will be carried out in the future to study the breakable/unbreakable regions.
According to the theory of particle agglomeration, when a large size difference exists between particles, there is obvious relative motion between them that contributes to their agglomeration. Studies have shown that adding coarse particles to y-ash particles can increase acoustic agglomeration rate. 46, 47 Moreover, agglomerates with large differences in size are more easily separated according to eqn (16) ; thus, the size of the added particles should be controlled within a range to ensure that the particles are mainly within the unbreakable region. This nding has great signicance for guiding acoustic agglomeration experiments.
4.3.1 Inuence of SPL. Fig. 15 shows the calculated breakable and unbreakable regions of two particles under different SPLs. The non-breakable region decreases with the increase of SPL. For a particle of 0.1 mm, the agglomerate would only be separated if another particle is 41.9 times larger than it at 155 dB, whereas at 165 dB it can be separated if another particle is 18.6 times larger.
Studies have shown that the agglomeration efficiency and collision efficiency of particles increases with an increase of SPL, 27, 48, 49 because the velocity of the gas medium correspondingly increases rapidly, which leads to an increase in the relative motion speed between the particles. However, when particles collide and form aggregates under the action of a high-intensity sound wave eld, the aggregates are easily separated if the SPL is too high. Therefore, for particles with a certain size distribution, an optimal SPL exists that balances between acoustic agglomeration and separation.
4.3.2 Inuence of frequency. Fig. 16 illustrates the calculated breakable and unbreakable regions of two particles under different frequencies. The results show that the non-breakable region decreased with the increase of frequency.
Many studies have been conducted to determine the optimum frequency for acoustic agglomeration, but no agreement has been reached due to the varied experimental conditions. 11, 46, 50, 51 For y-ash particles, Wang's experimental results revealed that low frequency (500-3000 Hz) was better than high frequency (10 and 20 kHz). 46 The overall inuence of frequency is attributed to the combination of acoustic agglomeration and separation, and therefore low frequency may perform more favorably for y-ash particles. 
Conclusions
A high-speed camera was used to observe the movement of sound-exposed particles. Particles vibrated back and forth with different velocities when they were of different sizes. The agglomeration and separation phenomena of the particles were directly observed. A computational model was established to analyze the forces on particles. COMSOL Multiphysics soware was employed to simulate the relative movements and positions of two particles. The simulation results are in close agreement with the experimental results, indicating that the theoretical models are accurate.
Whether an aggregate consisting of two particles will be dispersed by a sound wave was calculated. Critical curves that separated the breakable and non-breakable regions were obtained. The ndings revealed that, when the size difference of the particles is within a specied limit, the particles will not separate, otherwise, the agglomerates can be separated. The non-breakable region decreases with the increase of SPL and frequency.
Observation of the motions of particles helps to deepen understanding of acoustic agglomeration and separation processes taking place in the agglomeration chamber. Calculation of the conditions under which particles can separate can guide research designs to enhance acoustic agglomeration. Thus, the present study makes a notable contribution to research on acoustic agglomeration and separation.
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